When the protoplasts of peeled oat leaf segments (Avena sativa L.) expand after a brief plasmolysis (osmotic shock), fusicoccin-enhanced H+ excretion is reduced and protein is released to the rehydration medium. This shock protein seems to arise from the cell surface, not from the interior of leaky cells or from broken cells, because (a) the protein differs quantitatively and qualitatively from protein of cell homogenates as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis; (b) peroxidase, phosphatase, and malate dehydrogenase activities, which are associated with the cell surface, are detected in the shock fluids; (c) the specific activities of enzymes in shock fluids are different than those of cell homogenates; (d) the amount of protein released is correlated with tissue mass, not number of cut surfaces and is not diminished by pre-washing the tissue.
Some of the shock protein may arise from plasmodesmata; this suggestion is based on (a) the cell surface origin of the protein; (b) the presence in the shock fluid of NADPH-cytochrome c reductase activity, usually associated with the endoplasmic reticulum which traverses plasmodesmata; (c) on the release of smaller amounts of protein after plasmolysis with polyethylene glycol 4000, an osmoticum which may tend to preserve plasmodesmata.
The amount of protein released by osmotic shock is correlated with the extent of inhibition of fusicoccin-enhanced H+ excretion. A specific function for the shock protein is implied by the presence of a component which specifically binds fusicoccin.
The understanding of solute uptake in gram-negative bacteria has been aided by the technique of osmotic shock (exposure to a hypertonic, then a hypotonic medium). This treatment does not rupture the cells, but releases periplasmic protein which consists of components of certain uptake mechanisms (18) . A similar shock treatment inhibits some membrane events and simultaneously releases protein from roots (7, 13, 16, 28) and leaves (1); these observations, as well as the inhibited recovery in the presence of protein synthesis inhibitors (13, 16) , have pointed to a role for the released protein in membrane-related processes selectively inhibited by shock. But the source of shock protein in higher plant cells has never been identified unambiguously, nor have the protein components been characterized so that they could be implicated more closely with an event associated with the plasma membrane.
The evidence which follows argues that protein appearing in the rehydration medium after plasmolysis originates from the cell surface, not from within the cell; some of this protein may also be ' Supported by Grant PCM 78-040305 from the National Science Foundation. associated with plasmodesmata. Since osmotic shock inhibits FC2-enhanced H+ excretion (25) , a function for the shock protein is implied by the presence of a component which specifically binds FC.
MATERIALS AND METHODS
Leaf segments of light-grown 7-d-old Garry oat plants (Avena sativa L.) were prepared and osmotically shocked as described previously (25) . Measurements of medium acidification have also been reported (25) .
Collection and Assay of Protein. To obtain the amount of shock protein needed for electrophoresis, the determination of enzyme activity, or FC binding, six Petri dishes were prepared, each of which contained 90 1.5-cm peeled leaf segments (approximate fresh weight = 5 g) floating on 40 ml of 5 mm Hepes (pH 7.0).
After washing overnight, the solutions were aspirated and 30 ml of the appropriate osmoticum were added. Fifteen min later, this solution was aspirated, and 15 ml of cold 5 mM Hepes (pH 7.0) was added for 30 min. The same rehydration buffer was used for three batches of tissue, thus yielding a final volume of 30 ml for the six dishes. The shock fluid was made 0.0025% (w/v) with PMSF to inhibit protease activity, and was concentrated to about 2 For experiments in which small amounts of protein sufficed, twelve 1-cm leaf segments were floated on 2.5 ml of the appropriate buffer after an overnight wash. The solution was then replaced with cold Hepes buffer, and the protein content of this buffer was determined after 15 min without further treatment.
Estimates of protein quantity were made using Coomassie reagent and the microassay procedure of Bradford (4) ; A at 595 nm was compared with a standard curve for bovine gamma globulin dissolved in the identical medium to that being assayed. Preliminary experiments using instead the modified Lowry procedure of Peterson (20) , which involved TCA precipitation and detergent solubilization, detected similar quantities of protein in the shock fluids. Protein levels of tissue homogenates, however, generally appeared twice as high with the Coomassie procedure compared to the modified Lowry.
Enzyme Activity. Peroxidase, alkaline phosphatase, and glucose-6-P dehydrogenase were assayed by methods in the Worthington Enzyme Manual (32) . For malate dehydrogenase, the decrease in A at 340 nm was determined for a 3-ml sample containing 50 mm Na-phosphate buffer ( NaCl solution (lane 4) is electrophoretically similar to the protein in the rehydration medium (lane 5) and both fractions have some bands which migrate to the same distance as protein appearing after plasmolysis by sorbitol. Thus, the proteins of the shock solutions resemble each other to a greater degree than they resemble protein from the homogenate.
One possible conclusion from the data of Figure 1 is that the shock protein arises from an external compartment of the cell. The data of Table II support this conclusion. First, the enzyme activities detected in the various shock fluids are those usually associated with the cell surface (8, 22, 31) . Second, the specific activities are quite different from those of a 17,000g supernatant of a leaf homogenate. For example, specific activities ofperoxidase and phosphatase are much higher in the shock fluids than in the homogenate, while the specific activity of malate dehydrogenase is over 5 times less. Another difference between the homogenate and the rehydration medium after sorbitol plasmolysis is that glucose-6-P dehydrogenase is detected in the former (4 x 10'-units/mg protein) but not the latter.
Because phosphatases which specifically hydrolyze ATP may function as transporters (9) , the phosphatase activity found in the shock fluid was characterized further. The activity does not pellet at 100,000g for 60 min so it is soluble by this criterion. The phosphatase activity is stimulated by K2SO4, but not when ADP or pNPP are used as substrates (Table III) . The per cent stimulation is small; for example, in a typical experiment with ATP as substrate, activity without K2SO4 is 31.3 ,umol Pi/mg protein-h Mg2+ has no effect on phosphatase activity with or without K2SO4 when pNPP is the substrate (data not shown). NADPH-Cyt c reductase activity, which is used as a marker for ER (21) is also detected in the rehydration medium after plasmolysis by sorbitol; the specific activity is 3.3 ± 0.9 ,umol Cyt c reduced/mg protein-h (n = 9). This activity remains in solution after centrifugation for 60 min at 100,000g and requires NADPH rather than NADH (Table IV) . Enzyme activity is insensitive to 1 mm KCN and 3 tIM antimycin A (data not shown), and boiling for 5 min destroys the activity (Table IV) as opposed to the heatstable reductase activity found in soluble form from some sources (21) . Other enzyme activities used for markers of particular membrane fractions such as latent IDPase for Golgi and azide-sensitive KCl-stimulated ATPase at pH 8.0 for mitochondria (21) were not detected in the rehydration medium.
To see if the release of protein by osmotic shock can be correlated to the excretion of H+, leaf segments were floated on different osmolarities of sorbitol, NaCl, or PEG 4000, then rehydrated in cold buffer. The rate of acidification in the presence of FC was subsequently compared to the amounts of protein which had been released to the rehydration medium. The trend is the same for all three osmotica (Fig. 2) ; at osmolarities which reduce FC-enhanced H+ excretion following rehydration (above 0.4 osm/ kg for sorbitol and NaCl), the amount ofprotein in the rehydration medium begins to increase. The relative ineffectiveness of PEG 4000 as an inhibitor of acidification is reflected in lesser amounts of protein appearing during the rehydration step.
The diminution of FC-enhanced acidification by osmotic shock may be related to the removal of a protein needed to interact with the toxin. To Perhaps the most persuasive argument that the shock protein does not come from broken cells or diffuse from leaky cells is based on the results of SDS-PAGE (Fig. 1) where proteins from the rehydration medium after plasmolysis in sorbitol or NaCl showed little similarity to protein of leaf homogenates. The similarity of proteins released after a second shock with those of the first may allow one to follow formation of surface protein and may be correlated with processes such as amino acid uptake which recover over a 3-h period. The identity and function of the various protein bands await further investigation.
An extracellular origin for shock protein is also implied by large differences in specific activity of enzymes in the shock fluid compared to those of a homogenate (Table II) , and by the detection of peroxidase and phosphatase activities which are present at the cell surface (8, 22) . The easy removal of malate dehydrogenase is somewhat surprising, but has been seen earlier (31) . What is more, glucose-6-P dehydrogenase, an enzyme associated with the cytosol is detected in the homogenate but not in shock fluid. If protein were leaking from the cells, moreover, metabolic functions such as respiration and protein synthesis should be affected by osmotic shock, but they are not (11, 27) . Thus, a protein fraction can be obtained from the cell surface without resorting to homogenization and its inherent ambiguities.
It is possible that some of the extracellular protein is membraneassociated. The requirement for cold during rehydration (Table I) which favors rupture of hydrophobic bonds (6) , supports this contention; extrinsic protein is associated with membranes by this type of bonding (29) . Inasmuch as the data point to a surface origin for the shock protein, the membrane from which some protein arises may be the plasmalemma. However, NADPH-Cyt c reductase activity, thought to be associated with ER (21) , is found in the shock fluid (Table IV) . There may be some reductase activity at the cell surface unrelated to ER, but the ER is in close contact with the plasmalemma at the plasmodesmata (24), making it possible that protein is removed from these structures. Other indirect evidence for this suggestion is the relative ineffectiveness of PEG 4000 at releasing protein during the rehydration step compared to sorbitol or NaCl (Fig. 2) consistent with the proposition that plasmodesmata are the source of some of the shock protein, because pit fields are sites of large numbers of plasmodesmata.
Evidence for the function of shock protein can be based on its localization to that area of the cell which is specifically perturbed by osmotic shock, and on correlations between protein released and the extent of inhibition of FC-enhanced H+ excretion (Fig.  2 ). An apparent anomaly occurs at osmotic strengths of NaCl above 0.5 osm/kg where more protein is released even though the extent of inhibition of H+ excretion is similar to that of a shock with sorbitol. This is probably due to an increased release of wall protein occurring at higher ionic strengths. The elevated specific activity of peroxidase after plasmolysis with NaCl (Table II) supports this conclusion.
Another correlation between impairment of H+ excretion and amount of protein released, is that most of the protein appears during the rehydration step (Table I) which is required for inhibitions of H+ excretion (25) . Also, more protein appears if rehydration is in the cold (Table I) , the most effective condition for inhibiting H+ excretion (25) .
Even though the amount of protein released by osmotic shock can be closely correlated to inhibitions of H+ excretion in the presence of FC, the function of the shock protein can only be presumed. The detection of a K2SO4-stimulated phosphatase when ATP is the substrate suggests that an ATPase is released which may be a component of an ion pump (9) . The percent stimulation by K2SO4 is small suggesting the presence of other phosphatases, but the added stimulation by K2SO4 is in the range of that detected by Perlin and Spanswick (19) for a plasma membrane-enriched fraction from corn mesophyll cells. Similar to other ATPases with presumed pump activity, the K2SO4-stimulated component prefers ATP over pNPP and is totally inhibited by vanadate (Table III) . But, unlike transport-associated ATPases, the activity in the shock fluid is soluble (as indicated by centrifugation) and is inhibited by MgSO4 (Table III) . Since ATPases with transport function require Mg2+ for activity (9) , it is unlikely that phosphatase activity in the shock fluid plays any role in H+ excretion or in any other transport process. One can not rule out the possibility, however, that removal from the membrane changes the requirements for activation, as purification changes the cation dependency of chloroplast coupling factor (15) .
The presence of FC-binding activity (Fig. 3 ) may point to a function for the shock protein. The action of FC on H+ excretion has saturation kinetics (26) and a molecular specificity (2) which allude to a specific receptor as an intermediate for toxin mode of action. Evidence also exists that FC acts close to the surface of responsive cells, and that FC can bind specifically to putative plasma membrane-enriched fractions (14) . The specific binding shown in Figure 3 is with a fraction originating from the cell surface, and release of this protein, of which the binding activity is a part, is correlated with an inhibition of the acidification stimulated by FC (Fig. 3) . More experiments need to be done, however, to ensure that the binding is specific for FC. Since osmotic shock appears to affect H+ excretion rather than passive uptake of H+ (25) , the binding activity may represent a regulator of the excretion mechanism, but the possibility remains that binding is related to an uptake mechanism or to a variety of other metabolic activities which are specific for FC. A fortuitous, albeit specific, association of FC with shock fluid components also can not yet be ruled out.
